Abstract. The effect of electrical forces on the collection efficiency of millimeter-sized water drops collecting micron-sized aerosol particles has been investigated in a laboratory experiment. The observations show higher collection efficiencies for drops of 3.6-to 4.8-mm diameters than reported in some of the earlier studies for smaller drops. The limited and sparse data obtained in our experiments show that the collection efficiency of a drop is higher when it is charged or interacts with the aerosol in the presence of an electric field. The collection efficiency shows a maximum when the drop charge of either polarity is in the range of 10 -12 to 10 '• C. The data show that the drop surface charge density required for this maximum decreases with the increase in drop size but is independent of the particle size. However, the peak value of collection efficiency is higher for larger particles. Moreover, the total charge on the drop required for this maximum remains almost constant at about 2-3 x 10 '•2 C. The collection efficiency increases with the increase in the electric field, and the effect of the electric field is stronger for larger drops. In high fields, the drop collection efficiency shows a maximum for particles of diameter between 3.5 and 5 gm. The change in collection efficiency for the same change in particle size is larger for higher electric fields. Distortion of large drops and the consequent charge accumulation on the rim of the drop has been proposed to explain the results. The decrease in collection efficiency for large values of drop charge and electric field support the drop-to-particle charge transfer during their interactions.
aerosol generator, an aerosol chamber, and the sample collection assembly. Water drops of known size were produced with calibrated capillaries connected to the water reservoir. A wire dipped in the water reservoir was connected to Earth to get neutral drops and to an appropriate potential to get charged drops. To avoid spurious charges on the drops, the capillary tip was located well inside two Earth-connected electrodes of the free-fall system. After the attainment of terminal velocity during their fall in the free-fall tube, the drops were allowed to pass through the aerosol chamber containing a cloud of monodisperse aerosol particles of known size. The aerosol particles were generated with a TSI model 3054 vibrating Occasionally, the magnitude of charge on a drop was confirmed by allowing it to pass through an induction ring placed at the bottom of the aerosol chamber. To make collection efficiency measurements for neutral drops in the presence of a horizontal electric field, one of the electrodes inside the aerosol chamber was connected to Earth while the other one was raised to a desired potential. Two or three data points were obtained for each drop-particle pair in the cases of both the charged and neutral drops in the presence of an electric field.
The performance of the aerosol generator was continuously monitored. If the monodispersity or the continuous supply of aerosol was doubted because of the excessive divergence of the aerosol jet or the occasional plugging-in of the orifice in the generator, the set of observations was discarded, as it generally gave inconsistent and unrepeatable data. However, the number of such sets was less than about 10% of the total number of sets.
Total error, due to the chemical analysis, the drop size change due to change in the reservoir's water level, and the nonvolatile impurities present in 2-propanol, was estimated to be less than :t:16%. However, the individual experimental values of collection efficiency for drops under electrical forces are found to deviate not more than :t: 5% from the mean value.
Collection Efficiency of Charged Drops
In our experiments, water drops of three sizes, namely, 3.6-, 4.2-, and 4.8-mm diameter, each carrying a charge of 2.5x10-]3, 2.5x10-]2, or 2.5x10-•1 C, were used for collection of particles of 1.9-, 3.8-, and 6.4-gm diameters. In all, experiments were performed for nine drop-particle pairs for each value of charge on the drop. 
Comparison With Previous Studies
Since the ranges of parameters used in our experiment and the earlier theoretical studies do not overlap, any difference between the two need not be used for testing the correctness of the theory. Instead, the difference should be helpful in setting guidelines for formulating new theories for this range of parameters. In contrast to neutral cases, the ranges of measured values of collection efficiency for a set in electrical cases were not observed to differ much from each other. However, only two to three measurements were made for each drop-particle pair in our experiment. Figures 8 and 9 indicate that the effect of electric field on the collection efficiency is stronger for larger drops. In the case of the zero-field and comparatively weaker electric field of 3.75 kV m-l, the collection efficiency keeps increasing with the increase in particle size. However, in the presence of comparatively stronger electric fields of 7.5 and 11.25 kV m-l, the collection efficiency seems to first increase, attain a maximum, and then decrease as the particle size increases. For the drop sizes used in the present experiment, the maxima in the collection efficiency occur between 3.5-and 5.0-gin particle diameter. After the maxima, the collection efficiencies for different drops seem to converge toward some lower value of collection efficiency as the particle size further increases. In other words, the increase and decrease of collection efficiency for the same change in particle size are larger for higher electric fields.
Discussion
In general, the theoretical studies [e.g., Wang et al., 1978] show that the collision efficiency, particularly for particles with diameters less than 2 gin, increases if the interacting spheres (drop-drop or drop-particle) carry charges of opposite polarity.
Slightly beyond 2-gin particle size, these theoretical results for the charged and uncharged drop-particle pairs nearly coincide. The initial sharp increase in collection efficiency with surface charge density in the results of Lai et al. [1978] may be due to the pronounced response of small particles to electrical forces. A possible explanation for the decrease in collection efficiency for higher charge densities on the drop has been attributed by Lai et al. to a possible charge transfer from drop to particle such as the one observed by Sartor [1954] for drop-drop collisions. The small particle acquires charge through a spark jumping from drop to the particle on its approach to the collector drop, resulting in drop-particle repulsion instead of charge-induced attraction. This suggests that beyond a certain value of drop surface charge density, the charge transfer may become more significant, resulting in a decrease in collection efficiency. Our results not only support such a drop-to-particle charge transfer hypothesis but also suggest the critical value of drop charge density at which the reversal in variation of collection efficiency with drop charge density occurs. Although this critical value of drop charge density decreases with increase in drop size, the total charge on the drop corresponding to this critical value of charge density is almost constant at 2-3 x10-1:z C for the whole range of drop sizes investigated in our experiment. The observation strongly suggests the development of a critical electric field between the point charge on the drop and particle for the electric spark to occur. Since the magnitude of this critical electric field will be independent of the particle size, our observation of the occurrence of the maxima in collection efficiency at the same value of the surface charge density of a drop for all particle sizes is expected.
A water drop falling in the presence of a horizontal electric field is polarized, and the induced charges appear near the rim of the drop. Particles flowing past the drop will experience an electrostatic force of attraction toward the drop. Therefore the collection efficiency of the drop should increase. Since the magnitude of induced charges increases with the increase in electric field and is larger for bigger drops, the increase in collection efficiency with the increase in the electric field and drop size as observed by us is expected. Moreover, the sharp increase in collection efficiency with particle size observed for the smaller particles can be explained on the basis of their smaller inertia and therefore their larger response to electric forces. Now while the inertial force of a particle increases as the cube of its diameter, the electrostatic force increases as the square of its diameter. Therefore the decrease in collection efficiency with particle size observed for larger particles in our experiment indicates that the inertial collection becomes more dominant as compared with the electrostatic collection in cases of such large particles. In other words, the position of collection efficiency maxima in Figure 9 indicates the particle size where the inertial and electrostatic collections of particles may just balance each other.
Conclusions
Results of the present experiment show that the collection efficiencies of millimeter-sized water drops collecting micronsized aerosol particles are higher in the presence of electrical forces. The collection efficiency is maximum when the drop charge is between 10-12 and 10-11 C. The decrease in collection efficiency for higher drop charges is attributed to a charge transfer mechanism of the type observed by Sattot [1954] . In our results the surface charge density required for the maximum collection efficiency decreases with increase in drop size, which is opposite to the trend observed by Lai et al. [1978] . This opposite trend is explained as being due to the deformation and the consequent redistribution of charges on the surface of the large drops used in our experiments. In an electric field of 3.75 kV m-l, the collection efficiency increases linearly throughout the range of particle sizes investigated by us. However, in higher electric fields of 7.5 and 11.25 kV m-l, the values of collection efficiency first increase, show a maximum for particles of diameter-4 gm, and then converge to the neutralcase value as the particle diameter approaches 10 gm. Further, the effect of the electric field is found to be greater in cases of larger drops. This has been attributed to the greater deformation and consequent appearance of larger induced charges on the rim of the larger drops. Results indicate that the electrical and inertial forces in our experiment may just balance each other when the particle diameter is -4 •tm. Collection efficiencies of still larger particles may be mainly governed by inertial forces.
